We report the experimental realization of a space-time crystal with tunable periodicity in time and space in the magnon Bose-Einstein Condensate (BEC), formed in a room-temperature Yttrium Iron Garnet (YIG) film by radio-frequency space-homogeneous magnetic field. The magnon BEC is prepared to have a well defined frequency and non-zero wavevector. We demonstrate how the crystalline "density" as well as the time and space textures of the resulting crystal may be tuned by varying the experimental parameters: external static magnetic field, temperature, thickness of the YIG film and power of the radio-frequency field. The proposed space-time crystals provide a new dimension for exploring dynamical phases of matter and can serve as a model nonlinear Floquet system, that brings in touch the rich fields of classical nonlinear waves, magnonics and periodically driven systems.
Spontaneous symmetry breaking is a fundamental concept of physics. A well known example is the breaking of spatial translational symmetry, which leads to a phase transition from fluids to solid crystals. By analogy, one can think about a "time crystal" as the result of breaking translational symmetry in time. More generally, one expects the appearance of a "space-time crystal" as a consequence of breaking translational symmetry both in time and in space. If a time crystal exists it should demonstrate time-periodic motion of its ground state [1] . In addition to the time periodicity, the space-time crystals should be periodic in space, similar to an ordinary crystal.
It was recently argued that time-and space-time crystals cannot be realized in thermodynamic equilibrium [2, 3] . This led to a search of space-time symmetry breaking in a wider context, for example in a system with flux-equilibrium, rather than in the thermodynamic equilibrium. Needless to say that oscillatory non-equilibrium states are well known already. One can remember, for example, gravity waves exited on a sea surface under windy conditions, quasi-periodic current instabilities in some semiconductors carrying strong DC electric current (a Gunn effect [4] in A 3 B 5 semiconductors, such as n-type GaAs, used in police radar speed guns), instabilities of an electron beam in plasma. More recent similar example is microwave generation by nanosized magnetic oscillators driven by a spin-polarized DC electric current [5] . On the other hand new physical phenomena can be observed in time-crystals which do not absorb or dissipate energy from external pumping, but instead build up a coherent time-periodic quantum state due to the complexity in the interactions. Possibly a first nontrivial example, found in Ref. [6] , was a periodically driven Floquet quantum disordered system, demonstrating subharmonic behavior. Non trivially, this system does not actually absorb and dissipate any of the externally pumped energy because the disorder in the system makes the energy states isolated from one another, see also Refs. [7, 8] . The possibly most recent observation of a time crystal with very long energy relaxation time compared to energy-conserving interaction processes is the Bose-Einstein condensate (BEC) of magnons in a flexible trap in superfluid 3 He-B under periodic driving by an external magnetic field [9] . Other important requirements for the existence of time crystals include the robustnessthe independence of their features to the perturbations of the physical system (e.g. level of disorder) and appearance of the soft modes [10] [11] [12] . The problems related to space-time crystals [13] are more involved and up to now were explored mostly theoretically [14] [15] [16] [17] [18] .
In this paper we report the experimental realization of a space-time crystal with tunable periodicity in time and space in the magnon BEC [19] [20] [21] [22] [23] [24] , formed in a roomtemperature Yttrium Iron Garnet (YIG, Y 3 Fe 5 O 12 ) film. The condensate spontaneously arises as a result of scattering of parametrically injected magnons to the bottom of their spectrum. The scattered magnons initially form spectrally localized groups, which can be best described as a time-polycrystal with partial coherence. After switching off the pumping, we observe an interactiondriven condensation into two coherent spatially extended spin waves-magnon BECs-which are best characterized by a space-time crystal. We show that this coherent state has the hallmark of non-universal relaxation times, which are much longer than the intrinsic time scales and the crystallization time. We consider the magnon BEC as a model object in studies of Floquet nonlinear wave systems, subject to intensive periodical in time impact.
The frequency spectrum of magnons in this system, shown in Fig. 1 , has two symmetric minima with nonzero frequency and wave-vectors ω min = ω(±q min ). The possible BEC has accordingly two components with the wave vectors ±q min and the frequency ω min . The simplest form of their common wave function is a standing wave:
In this experiment we create a BEC by microwave radiation of frequency ω p 2π · 13.6 GHz that can be considered space homogeneous with wave number q p ≈ 0. The decay instability of this field with the conservation law
excites "parametric" magnons with frequency ω(q) = ω p /2 and wave vectors ±q. These parametric magnons further interact mainly via 2 ⇔ 2 scattering with the conservation laws:
that preserves the total number af magnons and their energy. It is known from the theory of weak wave turbulence [25] (see also Ref. [26] ) that the scattering process (3) results mostly in a flux of energy towards large q, which leads to a nonessential accumulation of energy at large q, and to a flux of magnons toward small q. This in turn results in an accumulation of magnons near the bottom of the frequency spectrum ω min . The same 2 ⇔ 2 processes (3) lead to effective thermalization of the bottom magnons during some time τ th 50−70 ns and the subsequent creation of the BEC state [24, 27] . The described processes that lead to the creation of BEC, are an experimental manifestation of the space- time crystal (STC): a system, driven away from thermodynamic equilibrium by a space-homogeneous, timeperiodic (with frequency ω p ) pumping field, spontaneously chooses a space-time periodic state (1) with the frequency ω min and non-zero wavevectors ±q min . Importantly, the parameters ω min and ±q min are fully determined by intrinsic interactions in the system and are independent of the pumping frequency in a wide range of its values. By varying the strength and direction of the external time-independent homogeneous magnetic field H, the temperature T and the thickness of the YIG film, we can change the magnon spectrum ω(q) and consequently ω min and ±q min independently of ω p . Note that the lifetime τ BEC of the condensate is much longer than τ th , enabling the observation of the magnon BEC state and the study of related effects, such as magnon supercurrent [22] and Nambu-Goldstone modes-the Bogolyubov second sound [28] . All these meet the presently accepted criteria of a space-time crystal, i.e the spontaneous symmetry breaking in time and in space, manifested by long-range order and soft modes [17] (in our case the Bogolyubov second sound [28] ). The BEC is created from the gaseous incoherent magnons, that accumulate in a relatively narrow frequency band ∆f STPC near the bottom of the spectrum. To keep in line with the crystal analogy, we will refer to this state as a space-time-polycrystal (STPC). In our measurements, the autocorrelation time of these magnons (1/∆f STPC ≥ 2 ns, see Fig. 4 ) significantly exceeds the wave period 2π/ω min ≈ 0.15 − 0.3 ns, similarly to the autocorrelation length in polycrystals that spans many unit cell sizes.
In our experiments, the magnon BEC in the roomtemperature YIG films was detected by means of pulsed Brillouin light scattering (BLS) spectroscopy. Here the focused laser beam acts both as a probe of the magnon density and as a heating source, which induces a thermal gradient across the probing light spot. The temperature in the spot, and thus the value of thermal gradient, was controlled by the duration of a probing laser pulse. The thermal gradient locally changes the saturation magnetization and induces a frequency shift between different parts of the magnon condensate [29] . Consequently, a phase gradient in the BEC wavefunction is gradually created and a magnon supercurrent [22, 23] , flowing out of the hot region of the focal spot is excited. Such a process reduces the number of magnons in the heated area and results in the disappearance of the condensate and in the subsequent disappearance of the supercurrent. The conventional relaxation dynamics of the magnons is then recovered. More details about our experimental techniques one finds in a sketch of the experimental setup shown in Fig. 2 , in Ref. [22] and in the supplementary material.
We demonstrate here how to change all three parameters of the STC, Eq. (1): the BEC magnon density |C 0 | 2 = N BEC , the frequency ω min and the wave number ±q min . The STC lifetime can be controlled as well. The most interesting information may be obtained by varying N BEC . We succeeded to change N BEC by more than an order of magnitude by tuning the power of the pumping field. The measured BLS intensity is shown in Fig. 3a as a function of time for selected pumping powers P pump and two probing laser pulse durations τ L . The pumping pulse acts during the time interval from −2000 ns to 0 ns. Clearly, a decrease in the pumping power from P pump = 31 dBm to 19 dBm and a consequent reduction in the number of parametric magnons, which are injected at ω(q) = ω p /2, leads to a weakening of 2 ⇔ 2 magnon scattering and, thus, to an increasing delay in the appearance of these magnons near the bottom of the energy spectrum, as observed by BLS. The density of the bottom magnons, proportional to the intensity of the measured BLS signal, decreases as well (see the yellow shaded area in Fig. 3a , labeled "Polycrystalline phase").
After the pumping pulse is switched off (for t > 0 ns), the magnons condense in the energetic minimum of the spectrum, creating the STC. In case of strong heating (τ L = 80 µs), this process results in the appearance of a magnon supercurrent, which only involves the condensed and therefore coherent magnons. This outflow of magnons (blue shaded area in Fig. 3a labeled spacetime crystal ) results in a higher decay rate of the magnon density in the laser focal point. This effective decay rate, which is influenced by the inherent damping of both coherent and incoherent magnons to the phonon bath and by the supercurrent-related leakage of the magnon BEC, is strongly dependent on the pumping power. This dependence stems from the fact, that a lower pumping power leads to a reduced magnon density and therefore to a smaller fraction of BEC magnons. Below a certain threshold density N cr , when the majority of condensed magnons are flown out of the measured region of the BEC, the observed decay rate approaches the same value for all different pumping powers. This decay rate corresponds to the inherent decay rate of a narrow package of the remaining polycrystalline magnon phase.
It is worth noting that the same decay rate is observed during the entire decay time when heating of the YIG sample can be neglected, and therefore there is no supercurrent that takes away the coherent magnons. For example, the black top waveform in Fig. 3a was measured at shorter heating times τ L = 6 µs. The pumping power is the same as for the red waveform (hot spot, P pump = 31 dBm), therefore it corresponds to a well-formed BEC. However, it is not possible to distinguish between the BEC and the incoherent magnons via the decay rate measurements in this case. The latter fact contradicts a previous interpretation of similar dynamics of the magnon BEC and the incoherent magnon phase in Ref. [30] as being a result of the sensitivity of the BLS technique to the degree of coherence of the scattering magnons. Furthermore, two different lifetimes of BEC observed at the same pumping power prove our ability to control the lifetime of the magnon BEC by a thermal gradient. Thereby, the density (Fig. 3a) and the lifetime (Fig. 3b) of the magnon space-time crystal are tunable by the parametric pumping power and by the proper adjustment of a spatial temperature profile.
The time periodicity 1/ω min of the STC can be easily changed by variation of the bias magnetic field. Figure 4 shows the BLS intensity from the bottom of the magnon spectrum (q = q min ) as a function of the frequency and the magnetic field. The color coded intensity of the BLS reflects the efficiency of the parametric magnon transfer to the bottom of the frequency spectrum during the pumping pulse [23] . The dependence f qmin (H) is well described by the analytical dependence ω min = 2πf qmin (H) = 2πγH, where γ is the gyromagnetic ratio.
The spatial periodicity of the STC can be changed in a wide range from 0.5 µm to 4 µm by a proper choice of the YIG film thickness, see Fig. 5 . Note that, except for very thin films, the ω min is insensitive to the film thickness.
The tunable magnon space-time crystal, realized by a periodically driven room-temperature YIG film, represents an example of a nonlinear Floquet system and therefore serves as a bridge between magnonics and classical nonlinear wave physics from one side and the Floquet time-crystal description of the periodically driven systems from another. Joining these two perspectives may give birth to a new field of physical research: "Floquet (or periodically driven) nonlinear wave physics".
The advantage of a macroscopic system that may be studied at room temperature as compared to small samples at milli-Kelvin temperatures, is obvious. Moreover, strong nonlinearity, non-reciprocity, topology, local manipulation via external electric and magnetic fields and sample patterning, available in a magnonic system, combined with tunability and space-, time-, wave-vector-and frequency-resolved measurements using BLS, makes the suggested system a good experimental basis for the newly proposed field. On the other hand, concepts discussed in the framework of the Floquet systems such as quasienergy, umklapp scattering, forbidden bands in quasimomentum space, once applied to magnon space-time crystals, may give new insight into the rich physics of this system, creating new physical ideas and paving a way to new engineering applications. Figure 2 provides a sketch of the experimental setup. The sample is placed between the poles of an electromagnet, which creates a homogeneous magnetizing field H lying in the plane of YIG film. In order to reach a high enough density of the magnon gas to form a BEC phase, a rather strong microwave pulse with the peak power P max = 41 dBm is applied to the half-wave microstrip resonator at a carrier frequency f pump = 13.6 GHz. The resonator creates an Oersted field q(t) H in the YIG film to excite magnons by means of parallel parametric pumping [31, 32] . Additionally, a variable attenuator is implemented in the microwave circuit to allow for power reduction of the amplified microwave pulse to a lower value P pump ≤ P max . The microwave pulse duration is kept constant at τ p = 2 µs with a repetition rate of f rep = 1 kHz to ensure that microwave heating effects are negligible.
Supplemental material: Experimental technique
Both the detection of the excited magnons and the heating of the YIG film were made by using the probing laser beam with a power of 30 mW. The beam is chopped by an acusto-optic modulator (AOM) to control the energy input into the YIG sample. A duration of the laser pulse of τ L = 80 µs is used for local heating, while the pulse duration τ L = 6 µs is used to avoid the heating of the probing point. The probing laser pulse is synchronized with the microwave pumping and has the same repetition rate f rep . The laser pulses of both durations are switched on before the application of the microwave pulse and are switched off 3 µs after its end. From the sample backscattered laser light is collected and sent to a Tandem-Fabry-Pérot interferometer for frequency and time-of-flight analysis with a frequency and time resolution of approximately 100 MHz and 1 ns.
In order to selectively detect only the magnons condensed in the lowest energy state of the magnonic system with a wave number q ≈ 4.5 rad µm −1 (q H) and a frequency f min = 4 GHz (see Fig. 2 , the angle of incidence θ of the probing laser beam has to be chosen accordingly. The condition to detect a magnon with a specific wavevector q SW lying in a film plane is q SW = 2q light sin(ϑ). Therefore the angle of the incident light has been chosen to be θ = 12
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